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INTRODUCTION 
1.1 Background  
The switched mode dc-dc converters are some of the simplest power electronic circuits which 
convert one level of electrical voltage into another level by switching action. These 
converters have received an increasing deal of interest in many areas. This is due to their 
wide applications like power supplies for personal computers, office equipments, appliance 
control, telecommunication equipments, DC motor drives, automotive, aircraft, etc. The 
analysis, control and stabilization of switching converters are the main factors that need to be 
considered. Many control methods are used for control of switch mode dc-dc converters and 
the simple and low cost controller structure is always in demand for most industrial and high 
performance applications. Every control method has some advantages and drawbacks due to 
which that particular control method consider as a suitable control method under specific 
conditions, compared to other control methods. The control method that gives the best 
performances under any conditions is always in demand. 
One of the key issues of feedback is to provide robustness to uncertainty [6]. It is one of the 
most useful properties of feedback and is what makes it possible to design feedback systems 
based on simplified models. One form of uncertainty in dynamical systems is parametric 
uncertainty in which the parameters describing the system are unknown. The neglected 
mechanisms while linearizing a process are called  Unmodeled dynamics. Unmodeled 
dynamics can be accounted for by developing a more complex model. Such models are 
commonly used for controller development, but substantial effort is required to develop them. 
An alternative is to investigate if the closed loop system is sensitive to generic forms of 
unmodeled dynamics .The basic idea is to describe the unmodeled dynamics by including a 
CHAPTER 1 
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transfer function in the system description whose frequency response is bounded but 
otherwise unspecified 
The commonly used control methods for dc-dc converters are pulse width modulated (PWM) 
voltage mode control, PWM current mode control with proportional (P), proportional integral 
(PI), and proportional integral derivative (PID) controller and many others. In this thesis 
linear controllers like Youla and H∞ controllers are studied and analyzed. These conventional 
control methods delivered good results using the state-space averaging (SSA) technique but 
are unable to perform satisfactorily when implemented to the non-linear plant having switch 
element [5] Therefore, nonlinear controllers come into picture for controlling dc-dc 
converters. The advantages of these nonlinear controllers are their ability to react suddenly to 
a transient condition. The different types of nonlinear controllers are hysteresis controller, 
sliding mode controller, fuzzy logic sliding mode control etc. 
 
1.2 Motivation 
 The switched-mode DC-DC converters are most widely used power electronic circuit 
for its high conversion efficiency. These are non-linear and variable structure systems 
whose structure changes with time due to switching action. 
 In real world systems are associated with several uncertainties which leads to the 
requirement of advanced control techniques. 
 The source of these model uncertainties are deliberate simplification of a complex 
high order model, unmodelled sensor or actuator dynamics, ignorance of non-
linearities when linearizing a non-linear system. and parameter variations during 
system operation. 
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  The uncertainties are included in the model in the form of additive uncertainties, 
multiplicative uncertainties, inverse multiplicative uncertainty and many more. 
 The presence of such uncertainties deteriorates the system’s performance from its 
desired one. 
 It is thus necessary to develop a control law which can regulate and stabilize the 
system in presence of uncertainties. The controller is known as robust controller. 
 The Youla and H∞ controller are linear controllers but play a great role in providing 
robustness and stability to the process to be controlled in presence of certain 
uncertainties as compared to other classical linear controller. 
  Youla parameterization is very useful when solving design problems because it 
makes it possible to search over all stabilizing controllers without the need to test 
stability explicitly. Youla’s parameterization is carried out for a stable process with a 
rational transfer function.  
 The H∞ parameterization shares the same features with Youla parameterization, 
namely on the convexity of H∞ norm constraints for the closed-loop transfer 
functions. 
 The dc-dc converters, which are non-linear and time variant system, do not lend 
themselves to the application of linear control theory. Linear controllers offer 
advantages of zero steady –state error and gives better small-signal performance at the 
designed operating point. 
  Therefore, SM controllers are used for controlling dc-dc converters as they are 
inherently variable structure control law. 
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  SM control method has several advantages over the other control methods that are 
stability for large line and load variations, robustness, good dynamic response, simple 
implementation. 
  Ideally, SM controllers operate at infinite switching frequency and the controlled 
variables generally track a particular reference path to achieve the desired steady state 
operation.  
 The extreme high speed switching operation results in switching losses, inductor and 
transformer core loss and electromagnetic-interference (EMI) generation. Hence, for 
SM controllers to be applicable to dc-dc converters, their switching frequency should 
be constricted within a practical range. 
  In this thesis the fixed- frequency based SM control law is implemented. 
 
1.3 Literature Review On DC-DC Converter Control 
The dc-dc switching converters are the widely used circuits in electronics systems. They are 
usually used to obtain a stabilized output voltage from a given input DC voltage which is 
lower (buck) from that input voltage, or higher (boost) or generic (buck–boost) [1]. Most 
common used technique to control switching power supplies is Pulse-width Modulation 
(PWM). The conventional PWM controlled power electronics circuits are simplified based on 
state-space averaging technique and the system being controlled operates optimally only for a 
specific condition [2-3]  
Robust control was developed when control engineers tried to recover the robustness of 
control system. Loop transfer recovery technique by loop shape, H∞ control, etc, are different 
 Page 13 
 
approaches. The key aspect of this approach is co-prime factorization of the transfer function 
of a given plant over a proper, stable, real rational function space R. [10]  
The controller synthesis using Youla parameterization is basically based upon plant model 
inversion. It is a robust controller design known some time referred to as “Q-
parameterization" theory for output voltage regulation [9] .It also finds its application in 
regulation of photovoltaic voltage with a fixed battery voltage [5 ].The key point about this 
parameterization is that it describes all possible stabilizing linear time-invariant controllers 
for the given linear time-invariant plant.Q(s) along with a filter transfer F(s) forms the 
framework of the affine parameterization and the robustness requirement is satisfied if F(s) 
reduces the gain of the sensitivity function at higher frequencies.[9] 
The investigation of H∞ -optimization of control systems was started in 1979 by Zames in 
which the minimization of the ∞ -norm of the sensitivity function of single-input-single-
output feedback system was considered. H∞ -optimization problem thus appears to be 
formulated as the task of designing a stabilizing controller C(s),which minimizes the H∞-
norm of the closed loop transfer matrix Tzw from z to w for a given open loop plant P(s).A set 
of standard well-posedness constraints is imposed on the set up [9].The state-space solutions 
to the standard H∞ control problems were shown in [15] which shows that state-space 
formulas are derived for all controllers for a given number   > 0 for which the H∞-norm of 
the closed loop system is strictly less than  .The solution to H∞ controller through the Ricatti 
equations is also analyzed in [15 ].Its application to a non-minimum phase boost converter is 
carried out in [11] where it is solved using the Ricatti equation and    iteration process.The 
linear controllers do not offer a good large-signal transient (i.e. large-signal operating 
conditions).   
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Therefore, research has been performed for investigating non-linear controllers. The main 
advantages of these controllers are their ability to react immediately to a transient condition. 
The different types of non-linear analog controllers are: (a) hysteretic current-mode 
controllers, (b) hysteretic voltage-mode controllers, (c) sliding-mode/boundary controllers. In 
1983 and 1985.SM controller is applied in higher order converters in 1989 [18]. 
The use of SM control techniques in variable structure systems (VSS) makes these systems 
robust to parameter variations and external disturbances [25]. Sliding mode control has a high 
degree of design flexibility and it is comparatively easy to implement. This explains its wide 
utilization in various industrial applications. Switched mode dc-dc converters represent a 
particular class of the VSS, since there structure is periodically changed by the action of 
controlled switches and diodes. So it is appropriate to use sliding mode controllers in dc-dc 
converters [24]-[25]. It is known that the use of SM (nonlinear) controllers can maintain a 
good regulation for a wide operating range.The analysis and experimental study of SM 
controlled buck converter is performed in [20].SM control are robust to large variations in 
system parameters as compared to linear controllers and is easy to implement. 
1.4 Objective of the Thesis 
 Control of switching converters is an interesting and broad research area. The 
dynamic performance improvement and stability of switching power converters has 
always been a major concern.  
 Most times the analysis is based on linear, small signal models, in order to tune and 
then design new schemes. Hence, the scope of the work is motivated by a need of new 
tools and techniques in order to explore better solutions. 
 Since dc-dc converters fall into the category of nonlinear time variant systems, they 
represent a hard task for control design. As dc-dc converters are variable structured in 
 Page 15 
 
nature, so nonlinear controllers are proved to be effective for the control of dc-dc 
converters. These controllers respond immediately to the transient conditions. 
 The type of non-linear controller used is the SM control. SM controllers are well 
known for robustness and stability. 
 The major drawback of SM control is extreme high switching frequency which results 
in serious EMI, switching losses. Therefore the constant frequency operation becomes 
the key point to be considered for practical controller design of switching converter. A 
discrete-time SM controller is also a solution to this problem. 
 The buck converter is the most widely used dc-dc converter topology in power 
management and microprocessor voltage regulator applications. Hence the analysis 
and design of controller is made on the simplest dc-dc converter circuit i.e. the buck 
converter circuit. 
  The main objective of this thesis is to study different control methods (linear and 
non-linear) and to design an efficient controller with improved performance. 
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1.5 Organization of Thesis 
The thesis is organized as follows: 
 
 Chapter 1 describes the importance of switch mode dc-dc converter for various applications 
is given. This chapter explains the various types of linear and nonlinear control techniques. 
The problems associated with the control methods for dc-to-dc converters are discussed. A 
literature survey in detail is done on the control techniques (Youla, H∞ and SMC). 
 
Chapter 2 presents the linear PWM and SSA control methods studied for buck and boost 
converters. The comparative analysis of the discussed control methods is given. The results 
show that H∞ controller offers better robustness and transient response than Youla controller. 
Chapter 3 describes a simple and brief study on Sliding Mode Controller (SMC).The SM 
controllers are simple in design and offers fast dynamic response. Simulation results 
demonstrating the steady-state performances are presented. 
Chapter 4 presents the thesis conclusions and further research directions. 
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2.1 Introduction 
 
Figure 2.1 Basic plant-controller block diagram 
In the control design process first the plant along with the uncertainties is modelled, then 
the control law for the uncertain plant is designed and final step is the implementation of 
the controller to the plant In the case of the DC-DC converters also these steps are 
followed. 
The switching converters basic functions are to transform, isolate and regulate the voltage by 
switching action. They are popular, bringing the advantages of low mass and high efficiency 
as compared to linear regulators. The basic converter configuration comprises of a switch 
network, a filter circuit and the load. DC-DC converters have a large application area 
CHAPTER 2 
    Linear Control Methods for DC-DC Converters 
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including power supplies for personal computers; mobile spacecraft power systems, laptops, 
telecommunication equipments as well as dc motor drives. 
There are different methods of classifying the converters, the basic one among them is the 
isolated and the non-isolated type. In the isolated configuration the output is electrically 
isolated from the input by use of a transformer which has a primary portion at the input side 
and a secondary at the output side. For ease in implementation in portable devices, the non-
isolated DC-DC converters are preferred more as compared to the bulky isolated one which 
requires more space and is costly. 
The non-isolated DC-DC converters can be classified as follows:  
• Buck converter (step down dc-dc converter),  
• Boost converter (step up dc-dc converter),  
• Buck-Boost converter (step up-down dc-dc converter, opposite polarity), and 
 • Cuk converter (step up-down dc-dc converter). 
As these converters work due to switching, hence the control action is implemented by 
varying the duty cycle. The analysis and control methods are similar for many of these 
configurations. The DC-DC buck converter and DC-DC boost converter are the simplest 
power converter circuit used for many power management and voltage regulator applications. 
Hence, the analysis and design of the control structure is done for these converter circuits. 
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2.2 Case study I- DC-DC Buck Converter 
The buck converter circuit converts a higher dc input voltage to lower dc output voltage. The 
basic buck DC-DC converter topology is shown in Fig. 2.1. It consists of controlled 
switch(S), a diode (D), an inductor (L), a capacitor(C), and a load resistance(R). 
 
Figure 2.2: DC-DC Buck Converter topology 
 
 
 
 
 
 
 
Figure 2.3: Buck Converter circuit when switch: (a) turns on (b) turns off 
  (a) (b) 
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In the description of converter operation, it is assumed that all the components are ideal and 
also the converter operates in continuous conduction mode (CCM). In CCM operation, the 
inductor current flows continuously over one switching period. The switch is either on or off 
according to the switch and this results in two circuit states. The first sub-circuit state is when 
the switch is turned on, diode is reverse biased and inductor current flows through the switch, 
which can be shown in Fig. 2.3(a). The second sub-circuit state is when the switch is turned 
off and current freewheels through the diode, which is shown Fig. 2.3(b).  
When the switch S is on and D is reverse biased, the dynamic equations are: 
     
  
When the switch S is off and D is forward biased, the dynamic equations are given by: 
        
CL vdi
dt L
                                                              
The state space representation for converter circuit configuration can be expressed as: 
 
 
 
 
where                                      is the state vector, A and B are the system matrices and U is the  
input vector 
The state matrices and the input vectors for the ON and OFF periods are: 
  0inL v vdidt L L   and    0C Ldv vidt C RC     (2.1) 
0C Ldv vi
dt C RC
   and   (2.2) 
 
1 1
2 2
;
;
A X B UdX
A X B Udt

 

when S is closed 
when S is open 
1
2
L
C
ix
X
vx
  
    
   
 
(2.3) 
1 2Y C X C X     (2.4) 
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inU V  
2.2.1 Modes of Operation (CCM) 
The operation of DC-DC converters can be classified by the continuity of inductor current 
flow. So DC-DC converter has two different modes of operation that are (a) Continuous 
conduction mode (CCM) and (b) Discontinuous conduction mode (DCM) which have got 
significantly different characteristics. A converter and its control can be designed in any 
mode of operation according to the requirement. However in this thesis buck converter 
working in CCM is considered. 
In this mode, the switch conducts the inductor current for duration of DT which results in a 
positive voltage across the inductor.               .The voltage causes a linear increase in the 
inductor current  iL  .When the switch is off     for duration of (1-D)T, iL continues to flow due 
to the inductive energy stored and             which results in a linear decrease of the current 
until the next  switching instant as shown in Fig 2.4 
 
 
 
 
 
1 2
10
1 1
LA A
C RC
  
   
 
  
 1
1
,
0
B L
 
 
 
 
 2
0
0
B    
 
  1 2 0 1C C   
0L inv V V 
VVv 
0Lv V 
Vv 
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Figure 2.4: Voltage and current waveform of PWM buck converter in CCM 
2.2.2 Modelling of DC-DC Buck Converter 
The inherent switching operation of the converters results in the circuit components being 
connected together in periodically changing configurations, each configurations being 
described by a separate set of equations. The transient analysis and control design is therefore 
difficult since a number of equations must be solved in sequence. State-space averaging 
(SSA) technique is the most common solution and is used in this thesis.  
The state-space average model of the converter is formed by taking a weighted average of the 
equations (2.1)-(2.2) and is expressed in the following manner  
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                                                          where        
 
The averaged matrices for the buck converter are: 
                                                                                                                                                                         
 
The control input to converter, the duty ratio appears within the B matrix of the average 
model rather than as an element in the input vector. The averaged model is thus time-varying 
and complex. In order to simplify the model, eqn.(2.4) is linearized by considering small 
variations in the variables. Each variable is represented by the sum of a steady-state or DC 
component and small-signal or AC component. 
 
                                                             
 
To obtain transfer function(T.F) of output to duty ratio, the perturbation        is assumed to be 
zero. Using (2.6) in (2.5) and keeping the steady –state values to zero we get: 
                                                                                                                                                                  
Implementing Laplace Transform on eqn.(2.7) and rearranging the terms we get : 
 
 
x Ax Bu
y Cx
 


 1 2
1 2
(1 )
(1 )
B B d B d
C C d C d
  
    
10
1 1
LA
C RC
  
  
 
  
 
0
d
B L
 
 
 
 
  0 1C   (2.5)
0 0 0
in in in
x X x
v V v
d D d
v V v
 
 
 
 




 
   (2.6) 
inv  
   
 
1 2 1 2
0 1 2
inx Ax A A X B B V d
v Cx C C X d
       
     
 
   
       
 
1
1 2 1 2 1 2
10
( )
( )
( )
( )
o
in
in
v s C sI A A A X B B V C C X
d s
v s C sI A B
v s


          
  




   (2.8) 
  (2.7) 
  (2.4) 
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2.3 Modelling Uncertainties and Robustness 
Mathematical model of a system can never include the true physical system′s dynamics in it. 
These modelling errors adversely affects the performance of the control system, therefore our 
goal is to: 
 Identify and quantify uncertainties. 
 Analyze the impact of uncertainty on control system performance. 
 Design control systems that provide good performance in the presence of uncertainty. 
Uncertainties are of several types, the most common among them are the i) Parametric 
uncertainty and ii) Unmodelled dynamic uncertainty. 
Parametric Uncertainty Unmodelled Dynamic Uncertainty 
Model structure assumed to be known 
and only the value of certain real 
parameters in that model are uncertain. 
The model structure is not known exactly 
or is approximated by a low order linear 
model 
   
In this thesis only the design of the control system is included for unmodelled dynamic 
uncertainty. 
 
2.3.1 Internal stability and well-posedness 
The most elementary feedback control system has three components: a plant to be controlled, 
a sensor to measure the output of the plant and a controller to generate the plant′s input. The 
basic feedback loop with three exogenous inputs is shown in Fig.2.5.The output y should 
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approximate some prespecified function of r, and it should do so in the presence of the 
disturbance d, sensor noise n, with uncertainty in the plant 
 
 
 
 
 
Fig 2.5: Basic feedback loop 
The signals in Fig.(2.5) have the following interpretations: 
r = reference or command input 
v = sensor output 
u = actuating signal, plant input 
d = external disturbance 
y = plant output and measured signal 
n = sensor noise 
Equations at the summing junctions are: 
                                                                                                       
In the matrix form eqn. (2.9) can be written as: 
 
 
1 3 2 1 3 2; ;x r Fx x d Cx x n Px       (2.9) 
1
2
3
1 0
1 0
0 1
F x r
C x d
P x n
     
           
          
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All the nine transfer functions of Fig.2.5 can be obtained from: 
 
 
The feedback system in Fig.2.5 is internally stable iff the following two conditions hold: 
(a) The transfer function 1 + PCF have no zeros in Res ≥ 0. 
(b) There is no pole-zero cancellation in Res ≥ 0 when the product PCF is formed. 
Thus if all transfer functions from the three external signals to all internal signals,u,y,v and  
the output of the summing junction exists, then the system is said to be well-posed. 
Conditions for well-posedness are as follows 
 1+PCF ≠ 0. 
 P, C, F should be proper. 
 I+PCF should not be strictly proper. 
 Robust controller is one which preserves the stability and tracks the reference signal in 
presence of uncertainty. More precisely a controller provides robust stability if it provides 
internal stability for every plant P in a set of plants P. 
2.3.2 Sensitivity Functions 
For sensitivity analysis we refer to the condition of unity feedback system, that is F=1 in 
Fig.2.6. 
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x C CF d
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      
           
          
 (2.10) 
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Fig 2.6: Unity feedback loop 
The T.F from reference input ′r′ to tracking error ′e′ is the Sensitivity Function given by                                                  
                       where L=PC is the loop transfer function. 
Sensitivity is closely associated with the robustness of a system. The more sensitive is the 
system to parameter variations, the less robust it becomes. The feedback system should be 
stable under a perturbation of the loop gain from its nominal value L0 to the actual value L. 
The Nyquist stability criterion, for L and L0 to be stable, it should not encircle the critical 
point of (-1+j0) on the Nyquist plot. In Fig. (2.7), the Nyquist plot of the loop gain L=PC is 
depicted. 
 
 
 
 
 
 
1
1
S
L


 
 Page 28 
 
 
 
 
 
 
 
Fig 2.7: Stability under perturbation 
From the above figure, we can conclude that the Nyquist plot does not encircle the point -1 if:                                                                              
                                                                  for all values of ω. [15] 
 It can be rewritten as:                                                                                                         (2.11)                 
                                                                                                                                     
Complementary Sensitivity Function is :                                                                           (2.12)                 
                                                                                                                                                            
Equation (2.11) can be written as    
   
 
 0 0
0
1
L jw L jw
T jw
L jw

                    
The factor                                     is the relative size of the perturbation of the loop gain L  
from its nominal value L0 .Let this perturbation is bounded by 
 with ′W′ a given frequency dependent function. Hence the necessary and sufficient condition 
for the closed loop system to be stable for all perturbations bounded by above is: 
Im 
Re 
-1 
L0(jw) 
L(jw) 
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1
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 
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2.4 Closed-loop design for DC-DC Converters 
Control design is broadly classified as linear and non-linear .The controllers used for DC-DC 
converters include, Voltage mode control, Current mode control, Robust PID control, Fuzzy 
logic control, Sliding mode control, Fuzzy-Neural Network control, Adaptive Neuro-Fuzzy 
control. 
 In this section of the thesis we have designed the linear controller of a non-linear plant, the 
switching converter. The converter is first linearized using the SSA method described in 
section 2.5 above and then the controller is implemented. 
 Control method I-Youla Parameterization 
In general control explicitly and implicitly depends on plant -model inversion. In open loop 
control the input U(s) can be generated from the reference R(s) by a transfer function, 
Q(s).This leads to an input-output transfer function of the form T0(s) =G0(s) Q(s).As in 
section 2.3.2,the sensitivity function becomes :S0(s)=1-Q(s)G0(s).Ideally S0(s) must be equal 
to zero and this is possible only at those frequencies where Q(jw) inverts the model. 
 
 
 
 
 
Fig.2.8 Structure of Youla Controller for Stable Plants 
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The controller T.F from the above figure is : 
Q(s) must be stable and proper transfer function in order to ensure the design of a stable 
controller, but as Q(s) is the inverse of the nominal plant, it becomes improper hence it is 
essential to use a filter along with Q(s).In this study the filter F(s) is selected of the same 
order as that of the plant. 
                                               is the filter T.F, where                    are the filter parameters. 
The filter parameters are selected on the basis of desired damping ratio and natural frequency 
of oscillations of the closed loop system. 
 
 
 
Most of the studies on control only show the response of the process variable to set point 
changes. Such a curve gives only partial information about the behaviour of the system. To 
get a more complete representation of the system all six responses should be analyzed. In this 
thesis as only the feedback controller is concerned instead of feed forward, thus only the four 
sensitivity function analysis are performed. 
The necessary and sufficient condition for Youla Parameterization is as follows:[9] 
Stability of Q(s) is sufficient to ensure the stability of the four transfer functions in 
equation (2.14) and, hence, to ensure the internal stability of the loop. 
The controller C(s) covers all possible stabilizing time-invariant controllers for an open loop 
stable plant model. From equation (2.8)  and using the values [ 4] 
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L C R0 Vin VO 
150µH 200µC 20Ω 12V 5V 
 
we get the transfer functions for the buck converter as: 
 
                                                                                                                  
 
 
 
 
                                                                                                                       
                                        
Using equations (2.15)-(2.16), the controller T.F is:  
 
 
2.4.1 Simulation Results and Discussions 
In this section the simulation results are presented for the control method that is discussed in 
above section showing the output voltage regulation. The robustness of the system is 
analyzed using the sensitivity functions. Comparison study between PWM based Youla 
controller and SSA Youla controller is also presented. 
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The design specifications and the circuit parameters, for simulation are chosen as: input 
voltage =12V, desired output voltage =5V, inductance =150µH, capacitance=200μF, and load 
resistance =20Ω ,                                                                    The switching frequency is set to 
55 kHz. 
2.4.2  Open Loop Buck Converter Performance 
In this subsection, dynamic performance of PWM based output voltage is compared with 
SSA based output voltage of open loop buck converter. All the three, Sensitivity Function, 
Complementary Sensitivity Function and Input Voltage Disturbance or Load Disturbance 
Sensitivity Function are also shown along with the Nyquist plot for stability analysis. The 
results from Matlab and Simulink environment are given in Fig  2.9-2.11.  
                          
 
 
 
 
 
 
 
  
 
 
Fig 2.9: Output Voltage of open loop Buck Converter 
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Fig 2.10: Nyquist plot for open loop Buck Converter 
 
 
 
 
 
 
 
                                      
 
 
 
                            Fig 2.11 Plot for Sensitivity Functions of open loop Buck Converter 
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2.4.3 Discussion of Results 
Figure 2.9 shows the output voltage waveform of the converter without controller. In PWM a 
switching frequency of 55 kHz and duty cycle of 0.4 is applied to the gain block model of the 
switching converter. From  Fig.(2.9) we can conclude that the transients are more in this 
method and also the system’s settling time is more. The steady –state error is 0.4.Hence a 
proper control law is to be designed to regulate the output voltage with minimum steady –
state error. 
The Nyquist plot in Fig. (2.10) shows that the open loop system is absolutely stable with Gain 
Margin (GM) = Inf dB (Inf rad/sec) and Phase Margin (PM)=0.7454(2.08e4 rad/sec).GM is 
infinite depicts that the plot never crosses the real axis in left-half plane, hence never 
encircles the critical point (-1+j0).The path goes to origin as s .PM is very low hence 
less robust to parameter variations. 
In Fig. (2.11) Sensitivity (S), Complementary Sensitivity (T) and Load Disturbance 
Sensitivity (Si) functions are shown for the open loop buck converter. The figure shows that 
the sensitivity crossover frequency )( SC  is 15300 and that the maximum sensitivity 37.7 
occurs at 408..2 ems  rad/s.  Reduce disturbances with frequencies less than 15300 
rad/s.The largest amplification is 37.7.Similar is the case for T, )( SC is 5560 rad/s, Si, )( SC
is 4930 rad/s and Sn, )( SC  is 5560 rad/s.The largest amplification for all the three is 37.7dB. 
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2.4.4 Closed Loop Buck Converter Performance  
 
 
 
 
 
 
 
 
 
 
 
       Fig 2.12: Output Voltage of PWM based Buck Converter with Youla Controller 
 
 
 
 
 
 
 
 
 
Fig 2.13: Nyquist plot of Buck Converter for Youla controller 
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Fig 2.14 Plot for Sensitivity Functions of Buck Converter with Youla Controller 
 
2.4.5 Discussion of Results 
The closed loop design using Youla controller is shown in Fig. (2.12).The steady –state error 
had reduced to 0 in PWM technique. The system settles down  with settling time of 0.06 
sec.Our aim of voltage regulation is satisfied with this method though with reasonable 
overshoot. 
The Nyquist plot in Fig. (2.13) shows that the closed loop system is absolutely stable with 
Gain Margin (GM) = Inf dB (Inf rad/sec) and Phase Margin (PM) =65.16(3.29e3 
rad/sec).GM is infinite depicts that the plot never crosses the real axis in left-half plane, 
hence never encircles the critical point (-1+j0).The path goes to origin as s .PM is high 
as compared to open loop system hence robust to parameter variations, but cross-over 
frequency is still high increasing the noise effect . 
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In Fig.(2.14) Sensitivity (S), Complementary Sensitivity (T) and Load Disturbance 
Sensitivity (Si) functions are shown for the closed loop buck converter. The figure shows that 
the sensitivity crossover frequency )( SC  is 3570 and that the maximum sensitivity 2.16 
occurs at 377.5 ems  rad/s. Feedback will thus reduce disturbances with frequencies less 
than 3570 rad/s.The largest amplification is 2.16.Similar is the case for T, )( SC is 100 rad/s 
and Si, )( SC is 301 rad/s .The largest amplification for T is 0.00188 dB (707 rad/s), Si is 51 
dB (5.77 rad/s) and Sn is -21.6 dB (5.77 rad/s). ′S′ and ′T′ reduced considerably, PM has 
increased that means the controller provides robustness and stability to process uncertainties.  
  
One of the major challenges in control is the analysis and control design of a multiple-input, 
multiple-output (MIMO) system. This makes the design complex and difficult as the T.F of a 
MIMO system is a matrix. In order to overcome this, state-space techniques provided the 
tools for analysis and design of those systems. Several such tools like LQR, LQG, QFT, 
methods on kharitonov’s theorem H∞-optimization and µ-synthesis are few of them. In this 
thesis, the H∞-optimization method is discussed and designed for the buck converter in the 
next section 
2.5. Control method II- H∞- Optimization (Standard 
Problem) 
The most important objective of a control system is to achieve certain performance 
specifications in addition to providing the internal stability. One way to describe the 
performance specifications of a control system is in terms of the size of certain signals of 
interest.  
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H∞ refers to the Hardy’s space of stable and proper transfer functions and its optimization 
deals with minimization of the peak value of certain closed loop frequency response 
functions. It is essentially a frequency domain optimization for designing robust control 
systems. 
2.5.1 Brief Preliminaries 
 Norm  is a single number which gives an overall measure of the size of a vector, a matrix, 
a signal or a system. There are basically four properties that a norm should follow:[10] 
 Non-negativity:                    
  Positive      :  If all elements of x are zero 
 Homogeneity :    
 Triangle Inequality:   
The ∞-norm for a vector is defined as                       that is maximum value for all 
‘i’.Similarly ∞-norm for systems is given by:  
As in some functions the peak value cannot be assumed for any finite frequency, we replace 
the maximum by the supremum or least upper bound, so that  sup
R
G G j





 sup
R
G G j




 .Minimization of G

 is the worst-case optimization, because it amounts 
to minimizing the effect on the output of the worst disturbance (a disturbance at the 
frequency where G  has its peak value). 
The transfer matrix of a system in terms of state-space datas is given by  
 
0x 
cx c x
x y x y  
yxyx 
 max iia a 
   max
R
G G j




  
    1G s C sI A B D    
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Rewriting this equation in packed-matrix notation we get A B
C D
 
 
 
.The solution to H∞ control 
problem involves complex Ricatti equations. The Ricatti equation is given as   :  
0A X XA XRX Q     .                                                                                                 (2.17)  
According to the concept of a stabilizing solution to the Ricatti equation, A, Q and R are 
n n  known matrices. Q and R are symmetric. The stabilizing solution of eqn.(2.17) is 
given by   X Ric H  where H is given as follows: 
A R
H
Q A
 
   
                                                                                                                             
H is known as the Hamiltonian matrix for the Ricatti equation (2.17). A matrix X is called a 
stabilizing solution of (2.17) if :[     ] 
1. X is symmetric 
2. X  is a solution of the Ricatti equation 
3. A+RX is stable 
2.5.2 Closed-Loop Design  
                                              
 
                                                                           
 
 
 
Fig.2.15 Basic block diagram for H∞ control 
P(s) =Plant Model 
C(s) =Controller 
w=Disturbances in input voltage  
 
(2.18) 
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u=Control input  
y=Measurement output  
z=Plant output  
The plant P is described by equations of the form: 
1 2
1 11 12
2 21 22
x Ax B w B u
z C x D w D u
y C x D w D u

  
  
                        
The standard problem of H∞ control is to find a controller to be connected from y to u such 
that: 1) the resulting closed loop system is stable and 2) the H∞ norm of the T.F from w to z is 
minimum. Thus in this thesis minimization of the weighted output impedance is considered. 
From the buck converter equations (2.7)-(2.8), we get the transfer matrix as: 
    1 0G s C sI A B   .In this thesis the sub-optimal controller is designed by coupled 
Ricatti equations for any number 0  . 
2
1 1 2 2
1 1
A B B B B
M
C C A
 

  
     
                
2
1 1 2 2
1 1
A C C C C
J
B B A
 

   
    
 
Theorem: There is a stabilizing controller C for the plant P such that zwT   iff: [15] 
      1) There is a stabilizing solution X=Ric (M∞); 
     2) There is a stabilizing solution Y=Ric (J∞); 
     3) 2( )XY   (Spectral radius) 
It is a process of gamma iteration, which for different values of gamma solves the algebraic 
Ricatti equation  and stops when for any gamma the ARE does not have any solution. It is a 
(2.19) 
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very messy process hence cannot be calculated manually. The MATLAB Robust Control 
Toolbox is used for the controller design. 
2.5.3 Simulation Results and Discussions 
The plant T.F is augmented along with the frequency dependent weight function and using 
the ‘hinfsyn’ command the controller T.F is synthesized. Using 
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The weight function is selected so as to satisfy the condition of 1WS  .By selecting  
number  of weight functions,we get the optimal one as follows : 
  
The controller T.F is    
   
 
 
 
 
 
 
 
Fig 2.16: Output Voltage of Buck Converter for H∞ controller 
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Fig 2.17: Nyquist Plot of Buck Converter for H∞ controller 
 
 
 
 
 
 
 
 
 
       Fig 2.18 Plot for Sensitivity Functions of Buck Converter with H∞ Controller 
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2.5.4 Conclusions 
 The closed loop design using  H∞ controller in shown in Fig.(2.16).The steady –state error 
using youla controller is 0.06 which is better as compared to H∞ where error tends to 0.3. The 
system settles down faster in with settling time of 0.072s in implementing H∞ controller as 
compared to Youla whose settling time is 0.56s .Our aim of voltage regulation is satisfied 
with the second method with minimum overshoot 
The Nyquist plot in Fig. (2.16) shows that the closed loop system is stable with Gain Margin 
(GM) = 4.698 dB (5.77e3 rad/sec) and Phase Margin (PM) =93.21(53.125 rad/sec).The 
critical point (-1+j0) is not encircled by the plot. PM is high as compared Youla controller 
(PM= 65.16dB) hence more robust to parameter variations as compared to Youla. 
 In Fig.(2.17) Sensitivity (S), Complementary Sensitivity (T) ,a Load Disturbance Sensitivity 
(Si) and noise sensitivity(Sn) functions are shown for the closed loop buck converter with H∞ 
controller .The Figure shows that the sensitivity crossover frequency )( SC  is 5090 which is 
greater than the former controller( 3570) and that the maximum sensitivity 1.85 occurs at
377.5 ems  rad/s. Feedback will thus reduce disturbances with frequencies less than 5090 
rad/s.The largest amplification is 1.85.Similar is the case for  Si, ( )sc is 4.19 rad/s .The 
largest amplification for T is -0.287 dB (4.43rad/s) which is also less than Youla controller, Si 
is 50.7 dB (5.77e3 rad/s) and Sn is - 21.5 dB (14.9 rad/s). S and T reduced considerably but 
there is no significant change in the noise sensitivity function. Phase Margin has increased 
that means the controller provides robustness and stability to process uncertainties but no 
improvement regarding the noise attenuation.  
 
 
0.9010   0.9000zwT     
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Hence, the controller satisfies the condition of minimizing the infinity norm of the closed 
loop system. 
Table 2.1 Comparison of Performance of Youla and H∞ controllers in time domain 
From above table the results show better performance of the H∞ controller with a settling 
time of 0.0721sec which is less as compared to 0.5641 of Youla controller.The peak value 
and peak time are also less as compared to Youla controller hence the system’s response is 
faster.The drawback is the introduction of a time delay factor in case if H∞ optimization 
process. 
2.6 Case study II-DC-DC Boost Converter 
 
 
 
 
 
Fig 2.19: Boost converter circuit diagram 
 
Controllers 
PERFORMANCE  
Rise Time 
IN TIME   
Settling 
Time 
DOMAIN 
Max. 
overshoot 
 
Peak 
value 
 
Peak 
Time 
Youla 
controller 
0.4605 0.5641  3.6e-12  1  0.5756 
H-inf 
controller 
0.0427 0.0721 0.8879  0.9723  0.1457 
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 In the above model the input regulation of the photovoltaic voltage is the aim of the 
controller design. The battery voltage is kept constant.The model is linearized using the state-
space averaging method [3 ] according to which the converter works in two switching states 
(on and off).Using the values [5 ] the transfer function obtained is: 
    
 
 
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The controller T.F was obtained using two robust controller techniques: 
 Youla Parameterization 
 
 
Selecting the filter parameters as ωcl=5.08 KHz    ξcl=0.7                                     
2
2
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Fig 2.19 (a): Boost converter ‘on’ state Fig 2.19 (b): Boost converter ‘off’ state 
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 H-infinity optimization          
( ) ( 5024) / ( 628)W s s s  
 
3
2
0.0005 10( )
0.0080 2.4979 0.4447
C s
s s


   
2.6.1 Simulation Results and Discussions 
The design specifications and the circuit parameters, for simulation are chosen as: input 
voltage =17V, output voltage =24, inductance =260µH, capacitance=22μF, and series 
resistance =0.15Ω. The switching frequency is set to 40 kHz.      
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Fig.2.20 Comparison of Vpv for Youla and H∞ controllers 
 Page 47 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           Fig.2.22 Nyquist Plot of Vpv for H∞ controller 
 
 
 
 
 Fig.2.21 Nyquist Plot of Vpv for H∞ controller 
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Fig.2.24 Sensitivity Plots of Vpv for H∞ controller 
 
Fig.2.23 Sensitivity Plots of Vpv for Youla controller 
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2.6.2 CONCLUSIONS 
 
 
 
From the results it is concluded that H∞ controller is better as compared to the Youla 
controller and is more Robust to parameter variations. Peak value of Sn is also less as 
compared to Youla which signifies more robust towards noise attenuation. Peak value of 
Sensitivity function is less as compared to Youla controller that depicts that maximum 
amplification of disturbances is of 1.63dB. 
 
 
 
Performance in frequency  domain  Youla controller  H∞ controller  
Gain margin  Inf dB  35.5 dB  
Phase margin  65.2  deg.   110 deg.  
Sensitivity(S) (peak values) 1.79 dB  1.63 dB  
Complementary sensitivity(T) (peak 
values) 
1.16e-3 dB  -0.0253 dB  
Input Disturbance sensitivity(Si)(peak 
values) 
44.3dB 41.8 dB 
Noise Disturbance sensitivity(Sn)(peak 
values) 
-49.7 dB -31.6 dB 
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Non-Linear Control of DC-DC Converters 
 
3.1 Introduction 
Most DC–DC converters are designed with a closed-loop feedback controller to deliver a 
regulated output voltage. The main objective is to ensure that the converter operates with a 
small steady-state output error, fast dynamical response, low overshoot, and low noise 
susceptibility, while maintaining high efficiency. There are various linear and non-linear 
controllers designed of which two of them were discussed in Chapter 2. The fixed-frequency 
PWM control is by far the most popular control technique used for the regulation of DC–DC 
converters. It consists of two specific forms, namely voltage-mode control and current-mode 
control, respectively. 
There are several approaches for designing the compensation networks of the feedback 
controllers. The most commonly used method is the pole placement method, which employs 
the Bode plots and is based on shaping the loop transfer function so as to achieve a desired 
crossover frequency and phase margin. A second approach of designing the compensation 
network is through the computation of the controller parameters targeted at achieving an 
optimum closed-loop transfer function for the system, which includes both the small-signal 
model of the controller and the converter. 
 
The converters are nonlinear in nature due to the switch and the converter component 
characteristics. The control theory provides several control solutions but design of the linear 
controller is based on the linearized small-signal converter model around an equilibrium point 
near which the controller gives good results. Due to the small-signal assumptions, the 
CHAPTER 3 
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converter’s behaviour cannot be adequately captured when there is a large transient or large 
load variations as the small-signal model fails to reveal any stability information of the 
converter over the entire operating region. 
 
The drawbacks discussed above have motivated the control design along two directions: the 
search for more accurate linear models or simplified nonlinear models for the controller 
design, and the possible application of different types of nonlinear controllers for DC–DC 
converters to improve their controllability and performances for a wide operating range. 
A few non-linear controllers are adaptive control, fuzzy-logic control, artificial neural-
network control, one –cycle control and the sliding –mode control (SMC). In this chapter the 
sliding-mode controller is designed for a non-linear buck converter. 
 
 
3.2 Sliding - mode control (SMC) for DC- DC Converters 
3.2.1 SMC general principle 
Sliding Mode Control (SMC) is a nonlinear control technique derived from variable structure 
control (VSC) system theory. The most distinguished feature of VSC is its ability to result in 
very robust control systems; in many cases invariant control systems. Variable structure 
control system is a class of systems where the control law is deliberately changed during the 
control process according to some defined rules that depend on the state of the system 
 
The basic principle of SMC is to employ a certain sliding manifold as a reference path such 
that the trajectory of the controlled system is directed to a desired equilibrium point.[  ] 
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If a plane in three-dimensional space is assumed with a point O, which we call the 
equilibrium point, the trajectory of our system should drive to that point.Let the system’s 
controlled trajectory is arbitrarily located in space and is far away from the plane. If no 
control action is implemented the trajectory will move according to the natural characteristics 
of the system. But a series of different control actions forces the controlled trajectory to move 
towards the plane, and upon reaching the plane, to slide along it and eventually settle upon O 
regardless of its initial condition.  
The plane which guides the trajectory is called the sliding plane or sliding surface, or more 
generally, the sliding manifold. The control actions required for performing the SM control 
will involve very fast switching between different control functions. The sectors of the space 
in which the trajectory can be made to perform SM control is called the sliding regimes 
 
 
 
 
 
 
 
 
Fig.(3.1) gives a graphical representation of the trajectory of a system under SM control. 
SM control is any control form that enforces on its system, the three fundamental 
mechanisms namely, hitting the sliding surface (hitting condition), staying on the surface 
(existence condition), and converging to the stable equilibrium point (stability condition). 
 
 

 
Fig 3.1 Graphical representation of SM control process 
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Fig.3.2 : Modes of operation of SMC 
 
 
1. Hitting condition, guarantees that, regardless of the initial condition, the controlled 
trajectory of the system will always be directed toward the sliding surface. Fig .3.2(i)  
 
2. Existence condition, ensures that the trajectory at locations near the sliding 
surface(within a small vicinity of the sliding surface) will always return to the sliding 
surface, Fig.3.2 (ii) and 
 
3. The stability condition which ensures that the trajectory of the system under SM 
operation will stay on a stable equilibrium point. Fig.3.2 (iii) 
 
Considering the output voltage as the control variable, the state-variables to be 
controlled is expressed as: 
 
 
  
i) Hitting Condition  ii) Existence Condition  iii) Stability Condition  
0
1
2 0( )
ref
ref
V vx
dx V v
dt
 
       
 
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where Vref and vo denote the reference and sensed instantaneous output voltages, respectively. 
1x  is the voltage error and 2x  the voltage error dynamics. To design the hitting condition if 
the sensed output voltage is much lower than the reference voltage, i.e., S is positive, the 
switching action required for the compensation is to turn on the power switch so that energy 
is transferred from the input source to the inductor and if the sensed output voltage is much 
higher than the reference voltage, i.e., S is negative, the switching action is to turn off the 
power switch so that energy transfer between the source and the inductor is discontinued.In 
order to satisfy the condition, the non-linear control function is: 
( )nu sign S  
After the switching function next is to meet the existence condition which is satisfied if: 
 
 
3.2.2 SMC for DC-DC Buck Converter 
For the Buck converter the sliding surface selected is                                  [24] 
 where                              is  the output voltage error and         is the sliding co-efficient.  
Our desired performance is to regulate the output voltage to a constant value with low 
steady-state error and fast settling time. The overall design process is divided in steps. 
STEP - I: 
In the first step a suitable sliding surface is to be selected. In our case we have considered a 
first-order sliding surface involving the voltage error dynamics which is the cost function in 
our case and is to be minimized. 
 The buck converter dynamic equations are derived in Chapter 1, eqn (2.1-2.2), summarizing 
it  
dS x
dt
   
 
  
0refx V v   
(3.1) 
0
lim 0
S
S S

   
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0inL v vdi
dt L L
   
     0C Ldv vi
dt C RC
   
           
CL vdi
dt L
 
 
         
0C Ldv vi
dt C RC
 
 
 
Table 3.1: Review of Buck Converter Equations 
 From the equation of sliding surface in eqn (3.1) and using the buck converter dynamics: 
 0
0 0
0
1 1
ref
ref ref
ref L
dS V v
dt
S V v V v
S V i v
C RC

 
 
    
 
    
      
 
  
(3.2) gives the sliding surface equation for the buck converter. 
 The derivative of the sliding surface is given by: 
 
 
STEP –II: 
The next step design step is to synthesize the control input so that the state trajectories are 
driven and attracted towards the sliding surface and then remain sliding on it for all 
subsequent time. The SM control signal u consists of two components a nonlinear component 
un and an equivalent component ueq. 
The equivalent control component constitutes a control input which, when exciting the 
system, produces the motion of the system on the sliding surface whenever the system is on 
the surface. The existence of the sliding mode implies that 0S    .   
( 3.2 ) 
2
02 2
1 in
L
vRC L RLC RCS i v u
RC RC L LC
              
    
  (3.3) 
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Equating (3.3) to zero, we get the value of ueq as: 
 
 
 
 
 
 
If a positive definite Lyapunov function V is defined as follows:
 
 
 
 
The time derivative V   of V must be negative definite                 to insure the  
stability of the system and to make the surface S attractive. Such condition leads to the 
following inequality: 
 
 
 
 
To satisfy the above condition, the nonlinear control component can be defined as follows: 
 
 
 
 
 
 
 
 
2
02( )eq L
in in
L RLC L RLC R Cu i v
RCV R CV
    
   
 
 (3.3) 
1  2

1 2 0eq Lu i v     (3.4) 
21
2
V S  
( 0)V 
(3.5) 
2
02 2
1 in
L
vRC L RLC RCV SS S i v u
RC RC L LC
                 
     
  (3.6) 
neq
n
uuu
Ssignu

 )(
 
 (3.7) 
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Fig.3.3 SM Buck Converter Structure 
 
3.2.3 Simulation Results and Discussions 
The design specifications and the circuit parameters, for simulation are chosen as: input 
voltage =12V, desired output voltage =5V, inductance =150µH, capacitance=200μF, and load 
resistance = 20Ω. The switching frequency is set to 55 kHz. The comparison between the 
linear and non-linear controllers is performed using the above specifications.                                                              
 
 IL 
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Fig.3.4 Comparison of Output voltage of buck converter for Youla, H∞ and SM controllers 
 
 
 
 
 
 
Table 3.1:Comparison of controllers in time domain 
 
 
 
 
 
 
Controller 
Law 
Performance in time domain 
          Steady-state error            Settling Time(in sec) 
                          ess                                       ts 
Youla 0 0.564 
H-∞ 0.04                                        0.072 
SM 0.002 0.036 
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Fig.3.5  Output voltage of buck converter for  a load change 
 from 20Ω to 15Ω and back to 20Ω for Youla Controller 
 
 
Fig.3.6  Output voltage of buck converter for  a load change 
 from 20Ω to 15Ω and back to 20Ω for H∞Controller 
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Fig.3.7  Output voltage of buck converter for  a load change 
 from 20Ω to 15Ω and back to 20Ω for SMC Controller 
Discussion of Results 
The settling time is less using Youla controller which indicates that the system’s response is 
faster. But the SMC gives better results with better voltage regulation without any overshoot 
and with negligible steady-state error as compared to the other two controllers.The robustness  
of output voltage to parameter variations have been investigated for all the three controllers. 
The results are satisfactory and successfully satisfied the criterion for the controllers 
discussed The SMC is easy to implement, robust and performs proper regulation as compared 
to the linear controllers. 
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CONCLUSIONS 
4.1 Conclusions 
In this chapter ,the contributions and  main results of the thesis are discussed.The thesis has 
explained the merits of one controller over the other used in it.Results are compared using the 
sensitivity functions and robustnesss test is performed for variations in load . 
Chapter 1 describes the importance and applications of DC-DC Converters. The various 
control schemes  are discussed and its merits and drawbacks are also analyzed in this 
chapter.A brief review of the controllers used in this thesis is presented in this chapter. 
Chapter 2 indicates the modelling of the DC-DC Buck Converter using the State-Space 
averaging technique.A study of the sensitivity functions and robust stability is discussed .A 
detailed explanation of the Linear Robust Control techniques using Youla Parameterization 
and H∞-Optimization is given.A comparison study between the two controllers is carried out 
based on the simulation results. 
Chapter 3 describes in detail the non-linear Sliding Mode control strategy for the converter 
control.A comparitive  analysis between linear and non-linear control is performed for a load 
change.The Youla controller gives zero steady-state erroe and the system has negligible 
affect of load variations.The major drawback is the heavy transients present in it.The 
simulated results show satisfying theories of Sliding Mode control. 
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4.2 Scope for Future Work 
Further research can be carried out in the following manner 
 The control techniques can be applied to other converter configurations.The study was 
carried out for stable nominal model and can be extended to unstable case. 
 The sliding mode control can be implemented in discrete time domain. 
 To verify the theoretical study, the proposed control scheme can be done with 
experimental prototype.  
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